We present a new phenomenological Nucleon-Nucleon chiral potential fitted to 925 pp and 1743 np scattering data up to a laboratory energy of 125 MeV with 20 short distance parameters and three chiral constants c 1 , c 3 and c 4 with χ 2 /ν = 1.02. Special attention is given to testing the normality of the residuals which allows for a sound propagation of statistical errors from the experimental data to the potential parameters, phase-shifts, scattering amplitudes and counter-terms. This fit allows for a new determination of the chiral constants c 1 , c 3 and c 4 compatible with previous determinations from NN data. We further explore the interplay between the error analysis and the assumed form of the short distance interaction. The present work shows that it is possible to fit NN scattering with a TPE chiral potential fulfilling all necessary statistical requirements up to 125 MeV and shows unequivocal non-vanishing D-wave short distance pieces.
I. INTRODUCTION
The NN interaction is beyond any doubt a key building block of nuclear physics but, what are the decisive features which make the interaction qualify for an ab initio description of binding in nuclei ?.
From a statistical point of view, a traditional figure of merit has been the value of χ 2 /ν after a least squares minimization fit np and pp scattering data with ν = N − P, the difference between the number of fitted data and the number of fitting parameters. This approach was initiated in 1957 at about pion production threshold energies [1] (see [2, 3] for reviews) and extended up to 3GeV more recently with a χ 2 /ν ∼ 1.4 [4] . After the benchmarking Partial Wave Analysis (PWA) of the Nijmegen group 20 years ago [5, 6] , the path and key necessary features were shown to provide a statistically satisfactory fit, i.e. having an expected χ 2 min /ν ∼ 1 ± 2/ν within 1σ confidence level up to about pion production threshold: suitable data selection, incorporating charge dependent One Pion Exchange (OPE) interactions as well as many EM features and an adequate statistical interpretation of results [7, 8] . This χ 2 /ν-values have set the standards in high quality NN studies [6, [9] [10] [11] [12] [13] [14] [15] . The least squares χ 2 -fit approach uses selected experimental data with uncertainties which should be described in terms of a postulated theory according to accepted statistical principles. In particular, if the theory is flexible enough the difference between the actual measured data and the proposed theory should be a statistical fluctuation. The size of the fluctuation is controlled by the number of available data as well the reported experimental uncertainties. This is the essence of the normality test for residuals which relevance we have recently stressed [15, 16] (see Refs. [7, 8] * Electronic address: rnavarrop@ugr.es † Electronic address: amaro@ugr.es ‡ Electronic address: earriola@ugr.es for related ideas). The main advantage is that if this test is passed correctly we expect the addition of new data in the future to sharpen the estimates of the theoretical parameters.
The standard choice of pion-production threshold as upper limit at CM momentum p ∼ √ M N m π ∼ 360MeV is essentially based on the simplicity of treatment, as one may ignore the explicit contribution of the inelastic NN → NNπ channel, but it does not tell anything on the shortest physical length scale operating in the binding of finite nuclei. Fortunately, even for nuclear matter characterized by the Fermi momentum p F ∼ 250MeV the role of these inelasticities is negligible since p F √ M N m π , and thus one may reduce the upper fitting energy, the more the lighter the nucleus. Afnan and Tang recognized this for the case of 3 He and 4 He [17] where good binding energies were achieved when S-waves are fitted up to E LAB 100MeV. Using simple coarse grained interactions and mean field wave functions we have verified this feature for nuclei as heavy as 40 Ca [18] .
On the hadronic scale, finite nuclei are weakly bound objects of neutrons and protons and thus their de Broglie wavelength is large enough for them to behave effectively as elementary particles. On the other hand, when nucleons are far appart, say r 2 fm, they do not to overlap and their interaction resembles a van der Waals type of exchange of pions between point like nucleons (see e.g. [19, 20] for a quark cluster point of view). In such a case the corresponding scattering partial wave amplitudes containing n − π exchanges are analytical in the complex CM-momentum plane at p = ±inm π /2. This provides upper limits in the maximal energy on the number of exchanged pions which should be taken into account to represent the scattering amplitude with the correct analytical structure. At pion production threshold this gives n ∼ 2 M N /m π ∼ 5 pion exchanges, which seems almost impossible to implement. In practice, the strength of the discontinuity of the scattering amplitude may be small enough to relax this requirement.
From the point of view of Quantum Chromo-Dynamics (QCD) hadronic interactions can be described with sub-nuclear degrees of freedom like quarks and gluons and lattice calculations for NN potentials have been pursued in terms of these fundamental degrees of freedom [21, 22] . On the other hand, the spontaneous breaking of chiral symmetry allows to derive a NN interaction with multiple pion exchange for the long range part in terms of an effective low energy Lagrangian where pions enter via derivative couplings of the field ∼ ∂ Φ/ f π ∼ p/ f π Φ with f π = 92MeV the pion weak decay constant [23] [24] [25] . Actually, the breakdown scale Λ χ for a theory with just pions and nucleons is expected to be at the branch cut Λ χ ∼ |p| = m R /2 corresponding to pionic resonance exchanges. A large N c quark-hadron duality argument gives m ρ ∼ 24π/N c f π [26] and more complete treatments yield indeed similar estimates for m R with R = ρ, A 1 , π * , σ [27] . Therefore the strength of the discontinuity of the scattering amplitude due to chiral nπ exchange is suppressed as (m π n/(2Λ χ )) 2n . Thus, from the point of view of the operationally needed and the theoretically available higher scale the consideration of chiral TPE seems like a perfect match up to p 3m π /2 corresponding to the location of 3π−exchange cut and a LAB energy of T LAB ∼ 90MeV.
This type of chiral effective interactions can be implemented as standard quantum mechanical potentials expanded in powers of momentum relative to Λ χ and still require the use of phenomenological counter-terms featuring the integrated out short distance behavior. Thus, a comparison of chiral potentials to NN scattering data is indispensable, even at very low energies [28] [29] [30] [31] . Since the mid-nineties several interactions, at different orders, have been developed attempting to accurately describe NN scattering processes with chiral components as their main feature. In recent years a trend to compromise the description of intermediate and high energy data in exchange for a more accurate representation of low energy data, E LAB 125MeV, has emerged [32] [33] [34] [35] . The non-trivial question is whether this theoretical expectation is confirmed by the statistical analysis of the currently available data below those energies.
Moreover, this reduction in the fitted energy range implies a trade-off between improved theoretical reliability and a loss of many scattering data in the analysis. This may also imply a loss of precision and, as a consequence, a loss of predictive power [36] . This paper studies this interplay between precision and predictive power by fitting a chiral potential to low energy data, E LAB 125MeV and undertaking the statistical uncertainties.
Using a Delta-Shell (DS) potential initially proposed by Avilés [37] and rediscovered in Ref. [38] it was possible to coarse grain the NN interaction by proving it at certain sensible points [18, 39] . To select a self-consistent data base of over 6700 scattering data up to laboratory energy of 350MeV we fitted a DS potential with a one pion exchange (OPE) potential tail starting at 3.0 fm and electromagnetic EM effects [12, 13] . Once the data base was fixed we modified the DS potential including a chiral two pion exchange χTPE tail starting at 1.8fm and made a new determination of the chiral constants c 1 , c 3 and c 4 with statistical uncertainties [14] . Also a local and smooth potential, that describes the same database [15] , has allowed to propagate statistical uncertainties into few body calculations [40] . The basic requirement of normally distributed data for any least squares fit is verified; it has been checked for all three phenomenological potentials previously mentioned [15] .
In this work we present a new DS-χTPE potential fitted to low energy data up to 125MeV LAB energy. This has practical advantages as the core gets reduced improving on the suitability of mean field schemes [18] because the effective interaction evolves with this upper fitted energy [41] . We have also previously reported on the consequences of reducing the upper limit [36] and how the statistical uncertainties of phaseshifts and shell model matrix elements increase to the point of making OPE and χTPE indistinguishable. This would be a situation where the only advantage of χTPE over OPE would be in the reduction of the number of parameters, but not so much in a better quality in the description of the data.
Finally, we hasten to emphasize that ours is not a conventional χPT calculation; we use long range potentials above a certain distance r c and coarse grain the short part of the interaction below that distance with a sampling ∆r ∼h/p max resolution [42] , but take no position on how the short distance piece should be organized within a perturbative setup. In this regard, let us mention that while there is agreement on the long distance features of multi-pionic exchange interactions based on χPT, much has been said on the way the short distance pieces of the interaction should be organized. The discussion on the specific power counting to be applied within χPT has been around since the very beginning and most discussions have been carried out on the basis of theoretical consistency [43] [44] [45] . To date these alternative schemes have not been seriously confronted to experimental np and pp scattering data directly as we do here by using the classical statistical χ 2 least squares approach.
The paper is organized as follows. In Section II we present our potential and the necessary details for the fit, the normality issues and error propagation. In Section III we generate scattering properties including phase shifts, scattering amplitudes and low energy threshold parameters. The low momentum structure of the theory is presented and discussed in Section IV. In Section V we analyze other existing approaches in the literature and discuss in detail their statistical features. Finally, in Section VI we come to our main conclusions.
II. COARSE GRAINED POTENTIAL
For a motivation on the use of a coarse grained potential in nuclear physics we refer to Ref. [18] . The anatomy of the NN potential including multi-pion exchange and the expected number of fitted parameters has been discussed in Ref. [42] .
A. Form of the potential
The structure of the potential is the same as the DS-χTPE potential of [14] with a clear boundary r c = 1.8fm between the short range phenomenological part with delta-shells and the long range tail with one and two pion exchange plus electromagnetic interactions.
The long range potentials are the same as the ones used in [14] , although the chiral constants c 1 , c 3 and c 4 in V TPE (r) are used as fitting parameters. The DS part is given by
where O n is the set of operators in the extended AV18 basis detailed in Appendix A of [13] , V i , n are strength coefficients, r i are the concentration radii and ∆r = 0.6fm is the distance between them. As with previous works we decompose the potential into partial waves by
and use the 15 lowest angular momentum partial waves to parameterize the full potential and calculate the more peripheral partial waves by decomposing back from the operator basis to the partial wave basis. The choice above is based on the high quality of our previous fit up to T LAB = 350MeV which fulfills all needed statistical tests (see below). Our aim is that by reducing the energy range to T LAB = 125MeV correlations among the parameters will appear implying a reduction of the number of independent parameters. Although the error of the data below T LAB = 125MeV is the same, their induced propagation is amplified as a result of a fitting a smaller number of data. Even the observables computed below 125MeV exhibit a larger error.
B. Fitting short distance parameters
Below T LAB ≤ 125MeV the self-consistent data base obtained in [13] contains N pp = 925 pp data and N np = 1743 np data including normalizations. This upper limit on the laboratory frame energy allows to reduce the number of parameters from 30 in [14] to 20, appart from the 3 chiral constants. Of course, with less data constraining the interaction the statistical uncertainties in the potential parameters are larger. The resulting delta-shell fitting parameters yield a total value of χ 2 /ν = 1.02 and are shown in Table I . Note that to 1σ confidence level, one expects χ 2 /ν = 1 ± 2/ν, which in this particular case means 0.097 ≤ χ 2 /ν ≤ 1.03.
This fit provides a new determination of the chiral constants c 1 = −0.27 ± 2.87, c 3 = −5.77 ± 1.58 and c 4 = 4.24 ± 0.73 GeV −1 which is mostly compatible to the one from [14] . In Figure 1 we compare the ellipses of the present fit with those of our previous fit to 350 MeV [14] . Although each individual constant, with its corresponding 1σ confidence interval, is statistically compatible with the determination with data up to T LAB = 350 MeV, the correlation ellipses of both fits for the c 1 , c 3 pair do not overlap. 
C. Normality test
Once the potential parameters are fitted to the selfconsistent data base we check the normality of the residuals
To this end we apply the recently introduced Tail-Sensitive (TS) test [46] . The TS test compares the quantiles of an empirical distribution with the quantiles of a normal distribution. The finite size of the sample gives a confidence interval for each quantile which can be calculated analytically for a previously determined significance level. If an empirical quantile falls outside of its corresponding confidence interval the hypothesis of normality is rejected. In figure 2 we show a rotated quantile-quantile (QQ) plot comparing the theoretical quantiles of the standard normal distribution N(0, 1) with the residuals quantiles; the confidence intervals for the TS and the more familiar Kolmogorov-Smirnov (KS) tests are also shown with a significance level α = 0.05. As can be seen, the empirical residuals resulting for the low energy fit always fall within the 95% confidence bands of both the TS and KS normality tests.
Aside from obtaining a graphical representation, testing for normality is a straightforward procedure which simply requires to calculate a quantity known as a test statistic T and compare it with a previously tabulated (or parameterized) critical value T c as a function of the sample size N. Depending on the definition of T on each normality test, a larger (or conversely, smaller) T indicates larger deviations from the normal distribution and T > T c (or T < T c ) gives significant evidence to reject the hypothesis of normality; in the particular case of the TS test large deviations from the normal distribution result in small values for T . For the TS test a recipe for cal- 4 determined from a fit to the self consistent database of [13] with a DS-χTPE potential including data with T LAB ≤ 350 [14] (blue solid lines) and T LAB ≤ 125 (red dashed lines). The concentric ellipses give, from the smallest to the largest one, the 68%, 95% and 99% confidence regions respectively. The points and crosses correspond to the determinations listed in Table VI culating T , a table of T c for N ≤ 50 and a parameterization for 50 < N < 9000 can be found in [16] . The residuals of the low energy fit to the self consistent database give T = 0.0068 and the critical value for a sample size N = 2668 and a significance level α = 0.05 is T c = 0.0008 and therefore there is not significant evidence to reject the normality of the residuals.
D. Error propagation
Once the normality test is passed, we may proceed to propagate the errors inherited by the theory through the χ 2 -fit. We do so below for the phase shifts, the full scattering amplitude and the low energy threshold parameters. Several schemes are possible [47] : i) the standard covariance matrix of building derivatives in quadrature with correlations, ii) the Monte Carlo method based on a multivariate gaussian distribution based on the χ 2 function, and iii) the more elaborated bootstrap method [47] . Results are fairly similar in all three cases and we use for definiteness the method ii).
III. SCATTERING PROPERTIES

A. Phase-shifts
In Figure 3 we show the low angular momentum partial wave phase-shifts up to T LAB = 350MeV for the low energy DS-χTPE and the DS-χTPE potential of [14] . The low energy version of the potential shows larger statistical uncertainties at higher energies since there are no data constraining the interaction above 125 MeV. However, bellow this energy value statistical error bands are also larger for the low energy version of the potential. This indicates that the high energy data also play a significant role in determining the uncertainties at lower energies.
B. Wolfenstein parameters
The full NN scattering amplitude reads
where the Wolfenstein parameters a, m, g, h, c depend on energy and scattering angle, σ 1 and σ 2 are the single-nucleon Pauli matrices, l, m, n are three unitary orthogonal vectors along the directions of k f + k i , k f − k i and k i ∧ k f , respectively, and (k f , k i ) are the final and initial relative nucleon momenta. The relation with the phase shifts can be looked up in Refs. [13, 48] . [14] are also included for comparison (red bands)
C. Low energy threshold parameters
In the absence of tensor force the phase-shifts with angular momentum l behave for low CM momentum, k → 0, according to the effective range expansion
When the tensor force is considered we can apply a coupled channel generalization of the effective range expansion [49] .
Introducing theM matrix defined as
where S is the usual unitary S-matrix and D = diag(k l 1 , . . . , k l N ). In the limit k → 0, theM-matrix becomesM
T LAB = 50 MeV . We compare the low energy DS-χTPE potential (blue band) with full DS-χTPE potential [14] (red band) the Nijmegen PWA [5] (dotted, light blue line) and the AV18 potential [9] (dashed-dotted, green line).
T LAB = 100 MeV where a, r and v i are the coupled channel generalizations of α 0 , r 0 and v i respectively. We have recently evaluated them and confronted statistical and systematic errors based on this expansion [50] . Table II shows the low energy threshold parameters of all partial waves with j ≤ 5 for the low energy DS-χTPE potential. The statistical uncertainties are propagated by drawing 1000 random sets of potential parameters following a multivariate normal distribution according to the covariance matrix, calculating the low energy threshold parameters for each set of parameters and taking the mean and standard deviation.
IV. EFFECTIVE INTERACTIONS AT LOW MOMENTUM
We now turn to analyze the corresponding potential in momentum space, particularly within a low momentum expansion. As we have shown elsewhere [41] , the coefficients of the expansion can be mapped into radial moments of volume integrals of the potential, which exhibit some degree of universality. We will separate the contributions stemming from the inner region r < r c containing just delta-shell interactions and the outer region r > r c containing the pion exchange potential tail. For ease of comparison, we will consider the results in a Cartesian as well as in the spherical basis.
A. Moshinsky-Skyrme parameters
At the two body level the effective interaction of Moshinsky [51] and Skyrme [52] can be written as a pseudo-potential in the form
where P σ = (1 + σ 1 · σ 2 )/2 is the spin exchange operator with P σ = −1 for spin singlet (S = 0), and P σ = 1 for spin triplet (S = 1) states. The effective interaction representation in terms of Moshinsky-Skyrme parameters are presented in tables III. Since both parameterizations consist of potential integrals, see Ref. [41] , we show the contribution to the full parameter by the phenomenological short range part r ≤ r c and the pion exchange tail r > r c with the corresponding uncertainties. Since the potential is determined by low energy data only, one would expect the short range contribution to counter-terms of the most peripheral partial waves to be compatible with zero. However, we see that although the errors are larger than those quoted in [16] for a DS-χTPE potential fitted to data up to TABLE II: Low energy threshold parameters for all partial waves with j ≤ 5 for the DS-χTPE potential. The central value and statistical error bars correspond to the mean and standard deviation of a population of 1000 parameters calculated with a Monte Carlo family of potential parameters drawn according the the covariance matrix of the potential parameters. For each partial wave we show the scattering length α, the effective range r 0 and the curvature parameters v 2 , v 3 and v 4 . For the coupled channels we use the nuclear bar parameterization of the S matrix. The units are in powers of femtometers determined by the orbital angular momentum quantum numbers l and l ′ of each partial wave 350MeV, the short range counter-terms are never compatible with zero. It is also worth noting that the full integrals both for Moshinsky-Skyrme parameters and counter-terms show a large degree of universality when compared to the same parameters for the DS-OPE and DS-χTPE potentials shown in [16] .
B. Counter-Terms
The potential in momentum space can be written in the partial wave basis as
Using the Bessel function expansion for small argument
. .] we get a low momentum expansion of the potential matrix elements. We keep up to total order O(p 4 , p ′4 , p 2 p ′2 ) corresponding to S-, P-and D-waves as well as S-D and P-F mixing parameters,
We use the spectroscopic notation and normalization of Ref. [30] . The numerical results are shown in Table IV . We see, again, a magnification of errors in the short range contribution due to the lowering of the energy from 350MeV to 125MeV and a confirmation of the universality between OPE and χTPE unveiled in Ref. [16] . Actually we found a correlation pattern which qualifies these counter-terms as good fitting parameters, i.e. small statistical dependence and scheme independence. 
0.59 (7) 82.59 (5) 83.18(6)
C. Short distance phase-shifts
A complementary way to visualize the short distance structure of the theory is by looking at the corresponding phaseshifts, δ Short l , which are those corresponding just to the short distance part of the potential V DS (r) in Eq. (1). Because V DS (r) has a range of r c = 1.8fm the partial wave expansion will converge for l max = pr c , and so we expect δ Short l max +1 ≃ 0 within the theoretical uncertainties. In our case l max = 2 which corresponds to D-waves, and so we expect F, G and higher waves to produce negligible phase-shifts from the short distance piece of the potential V DS (r) in Eq. (1). This is illustrated in Fig. 7 , where F and G phase-shifts are very small except for the marginal 3 F 3 wave around ≃ 100 MeV.
D. Discussion
We see that a feature of our calculation is that a fit up to T LAB = 125MeV fulfilling a good χ 2 /ν = 1.02 and passing the normality test requires in addition to the χTPE potential non-vanishing short distance contributions for S, P and D waves, δ Short l . A way of reducing short distance Dwave phase-shifts is by reducing the value of l max = p max r c to ∼ 1. This can be achieved either by reducing r c below 1.8 fm or p max or both. For instance, choosing p max = m π would correspond to E LAB ≤ 40MeV. Alternatively, one may choose r c = 1fm and keep E LAB ≤ 125MeV. According to our discussion on the anatomy of the NN-potential [42] taking r c 1.8fm the nucleon size and quark exchange effects start playing a role and the elementary particle assumption , upon which the whole NN-potential approach is currently based, gets seriously questioned.
V. COMPARISON WITH OTHER LOW ENERGY CHIRAL POTENTIALS
This work introduces a new phenomenological NucleonNucleon chiral two-pion exchange potential fitted to pp and np scattering data up to a laboratory energy of 125MeV similar in spirit to other recent low energy chiral interactions [32] [33] [34] [35] which have become popular in nuclear structure calculations. We comment now on both approaches and the major differences with ours from a statistical point of view.
A. Momentum space optimized chiral potential at NNLO
The momentum space self-denominated optimized chiral nucleon-nucleon interaction at next-to-next-to-leading order potential [32] provides a moderately acceptable χ 2 /ν = 1.16 value. It is based on the 1999 update of the Nijmegen [5, 6] database done with the event of the CD Bonn potential analysis [10] with some minor modifications. With ν = N − P = 1945 − 24 degrees of freedom, one should expect within 68% confidence level a value χ 2 /ν = 1 ± √ 2ν = 1 ± 0.03, which is excluded by 5σ 1 . In the standard statistical jargon this means that the there is probability ∼ 10 −7 of erring when saying that the distribution does not obey a χ 2 distribution. As we have stressed in our previous works [15, 16] , one may re-scale a too large χ 2 by a Birge factor to a newχ 2 = (χ 2 /χ , would correspond to a bearable 7% uncertainty in the error (the error of the error). This is the kind of situation (too large χ 2 /ν) where the check for normality would be most useful. 2 In Ref. [34] the reported skewness and excess kurtosis of the histogram of residuals are ∆µ [34] instead of the expected Q Emp ∼ Q Th straight line. To better compare with our Fig. 2 , that situation is recreated in a rotated QQ-plot in Fig. 8 where the confidence bands are adapted to the features of Ref. [34] . 3 Since in Refs. [32, 34] a different database from our 3σ self-consistent one was adopted, one may think that re-doing the analysis might improve the normality properties of the fit. This is unlikely, because normality requires enough flexibility of the theory to encompass the fitted data up to statistical fluctuations which are tolerated only thanks to the finite number of data. Increasing the database should naturally decrease the fluctuations. In our case, we have N = 925 pp + 1743 np = 2688 data including normalizations vs the N = 1945 data used in Refs. [32, 34] . It is unlikely that the bias introduced in the analysis of Refs. [32, 34] will be compensated by adding about 700 extra data. Thus, we attribute the lack of normality to a lack of flexibility in the proposed interaction. The question whether our self-consistent database is itself biased by our own analysis is a pertinent one, but this could only be answered by re-doing a data selection anew from scratch. Such an independent data selection analysis would be most welcome to sort out these issues.
B. Local chiral potential
The local chiral potentials [33, 35] fit phase shifts or low energy parameters in the lowest partial waves taken as independent data and provide a sequence of LO,NLO and NNLO schemes. An important feature of this potential concerns the 3 The fact that there appear no points beyond the Q Th > 3 and Q Th < −3 is due to a truncation in the results shown in Ref. [34] . The total χ 2 obtained for the plot should be (1848 data + 108 normalizations ) × 1.16 = 2268.96 while we get 2109.82 for the about 1586 data. A more quantitative analysis computing the p−value would require to totality of data or a truncated gaussian analysis, but will not change the main conclusions from the Fig. 8. regulator which corresponds to a short distance potential of a range about 1 − 1.2fm. We have implemented this potential and checked that their phase-shifts are reproduced for all schemes. We can thus confront this potential to the np and pp database and compute the total χ 2 as a function of the maximal LAB energy. The result is shown in Fig. 9 and as we see the smallest value we get is χ 2 /N 1 for T LAB ∼ 40MeV. Nonetheless, our experience in comparing phase-shift with PWA fits suggests that much better values could be achieved with relatively small parameter changes. This is possibly an effect due to the correlations among phase-shifts which in Ref. [33, 35] are certainly ignored. Given their wide applicability in nuclear structure calculations, it would be interesting to perform a full PWA of these local chiral potentials and test their normality. 
C. Discussion
While the features of both the momentum space and the coordinate space treatments discussed above are different regarding their implementation details and statistical behavior, they share with our present analysis the same chiral potential [25] at long distances r 2fm. The main difference relies in the way the short distance pieces of the interaction are represented. As we have mentioned Chiral perturbation theory (χpt) provides a power counting scheme to systematically include pion exchange interactions in the complete NN potential [23, 53] . The several phenomenological chiral potentials which have appeared in the literature include the χpt derived pion exchange for the long range part of the interaction and use counter-terms to describe the unknown short range part [28, 29, 32, 35, 54, 55] . However, most of these potentials give a fairly large χ 2 /ν value when comparing with experimental data. The cases with an acceptable value χ 2 /ν ∼ 1 to data up to 125 MeV [32] the resulting residuals do not follow the standard normal distribution [34] . This lack of normal residuals could indicate the presence of systematic uncertainties. Since the requirement of normally distributed data is the basic building block of any least squares fit, any resulting theory failing to fulfill this normality condition cannot be trusted as a faithful representation of the scattering data and no reliable propagation of statistical errors can be made. This does not rule out to use them for nuclear structure calculations as it has been done in the past where the normality and error propagation were never addressed. Given this situation, it would be necessary and useful to develop some understanding on how some conservative error estimates could be done when normality is not fulfilled.
However, the main distinct feature which we see is the necessity of a short distance D-wave component when we fit up to E LAB = 125MeV, a feature lacking recent low energy chiral interactions [32] [33] [34] [35] . We expect an improvement of normality and quality including these additional terms in their analyzes. We remind that according to the standard power counting invoked in those works the N2LO chiral potential contains, in addition to the longer range OPE and χTPE contributions, just S-and P-wave contact terms, while the contact D-waves should have small contributions. This a priori condition is implemented in Refs. [32] [33] [34] [35] by choosing a short distance regulator which has a typical range of r c ∼ 1fm. According to our discussion above on short distance phases, this is a way of killing the short distance contribution to the D−waves, since l max ∼ 1. Our analysis shows instead a non-vanishing D-wave contribution from the short distance piece of the interaction, within the statistical uncertainties. This fact, while confirms the suitability of the χTPE potential, casts serious doubts on the standard power counting assumed for the short distance components of the interaction. The discussion on the specific power counting to be applied within χPT has been around since the very beginning and most discussions have been carried out on the basis of theoretical consistency [43] [44] [45] . Our finding on the D-waves offers an excellent opportunity to discern on the basis of experiment analysis among the several proposals on the market.
VI. CONCLUSIONS
The use of chiral potentials in nuclear physics has become popular in recent years as they are believed to incorporate essential low energy QCD features. While this is formally correct a definite statement supporting this expectation requires to make a decision on whether or not the more than 8000 np and pp available data below pion production threshold are described by the theory with a given confidence level. So far the literature is lacking an estimate of the statistical uncertainties propagated from low energy data only. Such analysis is justified and performed with our new fit. A comparison with other high energy error analyzes allows to evaluate the predictive power of low energy chiral interactions and of course the statistical significance of the included chiral effects.
We have taken the classical statistical point of view of validating the theory using the least squares χ 2 -method. This method rests on the first place on the assumption of normality of residuals, a question which can be checked a posteriori and is not easy to fulfill. A lack of normality implies the presence of systematic uncertainties in the analysis and excludes propagation of statistical uncertainties.
On the other hand, the available chiral potentials used in current analyzes include OPE and TPE effects which limits the applicability of the theory to about 100 MeV, which is the expected maximum relevant energy for the binding of light nuclei. Thus, we have an interesting opportunity to validate the chiral potential within a statistical analysis of the corresponding low energy data within its range of validity and usefulness for nuclear structure calculations. By using a coarse grained delta-shell representation of the short distance contribution, we observe a good description with an excellent fit. Special attention was given to testing the normality of the residuals which allows to perform a sound propagation of statistical errors. The assumption of normally distributed experimental data was successfully tested. Statistical error quantifications were made for potential parameters, phase-shifts, scattering amplitudes, effective interaction parameters, counterterms and low energy threshold parameters. In all cases the error bars were considerably larger than the full version of the DS-χTPE potential fitted up to T Lab = 350MeV. This fit also allowed for a new determination of the chiral constants c 1 , c 3 and c 4 compatible with previous determinations from NN and πN data.
Of course, reducing the fitted energy of the fit from 350 MeV to 125 MeV reduces the number of parameters but naturally increases the error bars, not only in the extrapolated energy range, but also in the active fitted range as we have about a third of np and pp scattering data. This is so because the potential intertwines high and low energy scattering data. We find, within uncertainties, unequivocal non-vanishing short distance D-wave contributions to be essential both for the fit and the normality behavior of the residuals. Thus, in order to reduce the strength of the short distance D-wave pieces without becoming sensitive to finite nucleon size details appears to be to lower the maximum fitted energy. A comprehensive and systematic study of such a maximum fitting energy dependence along the lines of our previous study [41] but including normality and uncertainties considerations would be possible and useful but cumbersome and is left for future investigations.
An interesting follow up to this study would be the determination of a low energy potential without chiral components with the corresponding statistical error analysis. A comparison of the predictions given by both low energy interactions would show if the inclusion of chiral effect is statistically significant or not, shedding light into the actual predictive power of chiral interactions determined by low energy data only. Some previous results have already been advanced in Ref. [36] suggesting a lack of significance of chiral interactions due to low energy uncertainty enhancement and a more thorough study would be most desirable.
The present work shows that it is possible to fit NN scattering with a Chiral Two Pion Exchange potential fulfilling all necessary statistical requirements up to 125 MeV inferring as a byproduct of the analysis the short distance structure of the
